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ABSTRACT The accessory protein, Vpr, is a virion-
associated protein that is required for HIV-1 replication in
macrophages and regulates viral gene expression in T cells.
Vpr causes arrest of cell cycle progression at G2yM, presum-
ably through its effect on cyclin B1zCdc2 activity. Here, we
show that the ability of Vpr to activate HIV transcription
correlates with its ability to induce G2yM growth arrest, and
this effect is mediated by the p300 transcriptional co-
activator, which promotes cooperative interactions between
the Rel A subunit of NF-kB and cyclin B1zCdc2. Vpr cooper-
ates with p300, which regulates NF-kB and the basal tran-
scriptional machinery, to increase HIV gene expression. Sim-
ilar effects are seen in the absence of Vpr with a kinase-
deficient Cdc2, and overexpression of p300 increases levels of
HIV Vpr1 replication. Taken together, these data suggest that
p300, through its interactions with NF-kB, basal transcrip-
tional components, and Cdks, is modulated by Vpr and
regulates HIV replication. The regulation of p300 by Vpr
provides a mechanism to enhance viral replication in prolif-
erating cells after growth arrest by increasing viral transcrip-
tion.

HIV replication is highly responsive to changes in cellular
stimulation, such as cellular activation by cytokines or cell cycle
progression by growth factors. The regulation of cell cycle
progression by HIV has recently become apparent. Specifi-
cally, Vpr represents an HIV-encoded protein that influences
cell cycle progression by either inducing differentiation (1) or
causing cell cycle arrest at the G2yM checkpoint (2–5). Vpr is
a 14-kDa accessory protein of HIV that localizes to the nucleus
and associates with the virion by binding to the carboxyl
terminus of the viral Gag protein (6–9). In nondividing cells,
such as macrophages, Vpr plays a role in the translocation of
HIV to the nucleus by a mechanism distinct from the karyo-
pherin pathway, which is used by the viral matrix protein for
nuclear localization of HIV (10, 11). Vpr is important for
marked stimulation of viral replication in macrophages and
causes moderate increases in HIV transcription and virus
production in T lymphocytes (12–14).

HIV transcription is regulated by two kB sites in the viral
enhancer within the long terminal repeat (LTR) (15). These
sites are recognized by the NF-kB family of transcription
factors, which are typically induced in response to stress and
infection (reviewed in ref. 16). NF-kB transcriptional activity
is largely controlled by sequestration in the cytoplasm by a
family of inhibitory proteins, IkBs, and inhibition is relieved
when IkBs are phosphorylated and degraded in response to

various cytokines, including tumor necrosis factor alpha (TNF-
a), growth factors, and bacterial and viral products (reviewed
in ref. 17). NF-kB function is also regulated in the nucleus by
other transcription factors, members of the basal transcrip-
tional machinery (18), and transcriptional co-activators such as
the p300 and CREB binding protein (CBP) co-activators (19).
Recently, NF-kB transcriptional activation was shown to be
regulated by modulators of cell cycle progression. Specifically,
growth arrest by expression of the p21 cyclin-dependent kinase
inhibitor potentiated NF-kB function (19). This effect was
mediated by the p300 transcriptional co-activator, which binds
to cyclin EzCdk2 complexes inhibited by p21. Thus, it seemed
that G1yS-specific cell cycle regulatory proteins could modu-
late NF-kB activity and thereby increase transcription of viral
genes when cell cycle progression was arrested.

The mechanism of HIV transcriptional activation by Vpr is
not well understood. Vpr inhibits cell cycle progression at the
G2yM checkpoint. Our previous finding that G1yS growth
arrest affects HIV transcription raised the possibility that
Vpr-induced growth arrest may also affect its transactivation.
We therefore examined whether Vpr could affect HIV tran-
scription by p300yCBP through its ability to induce G2yM cell
cycle arrest. We demonstrate that Vpr affects HIV gene
expression through its effect on p300 and that this effect
correlates with the ability of Vpr to arrest cell cycle progres-
sion. We implicate cyclin B1zCdc2 complexes associated with
p300 as a mediator of this effect. HIV Vpr1 replication is
increased when p300 is overexpressed in infected cells, impli-
cating transcriptional co-activation regulated by Cdks in the
control of HIV replication.

METHODS

Plasmids, Cell Culture, and Nuclear Extracts. The HIV-
CAT, RSV-Rel A, CMV-Vpr, CMV-Vpr (DATG), CMV-Cdc2
(DK), CMV-p300, pBS-39p300, WT 12S E1A, Dp300 12S E1A,
and CMV-Vpr mutant expression plasmids have all been
described (15, 19, 20, 21, 22). The Vpr mutant, R80A, which
has been characterized (23), was constructed in the context of
Hxbru Vpr (20). Rous sarcoma virus (RSV)-b-galactosidase or
RSV-b-globin and cytomegalovirus (CMV)-alkaline phospha-
tase (VCL-1012 CMV (Vical, Inc.)) vectors were used as
control filler plasmids for transfections with RSV-Rel A,
CMV-p300, and CMV-Cdc2 (DK). The p300 and Rel A
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pBluescript constructs used for in vitro translation with T7
RNA polymerase were also previously reported (15, 22). The
CMV-CD2 plasmid was prepared by ligating a SalI–HindIII
fragment containing the coding region for human CD2 into the
SalI–EcoRV sites in the multiple cloning region of VCL-1012
CMV. The CMV-CD4 vector was prepared by ligating an
EcoRI–BamHI fragment containing the CD4 coding sequence
into the PstI–BamHI sites in the VCL-1012 CMV multiple
cloning region.

Jurkat, UM-316, 293 kidney epithelial, and NIH 3T3 cells
were grown (24), and nuclear extracts prepared as described
previously (25). For induction of NF-kB for electrophoretic
mobility shift assay (EMSA), cells were stimulated for 1 h with
200 unitsyml recombinant TNF-a (Genzyme).

Transfections and Chloramphenicol Acetyltransferase
(CAT) Assays. Jurkat cells were transfected using DEAE-
dextran, and CAT assays were performed 48 h after transfec-
tion, as previously described (15). 293 cells were transfected by
calcium phosphate precipitation, and after 72 h, nuclear
extracts were prepared (25).

NIH 3T3 cells were transfected with gAPyDLRIEyDOPE
50y50 (Vical). Specifically, cells were plated to 40% conflu-
ency 1 day prior to transfection, washed two times with
Opti-MEM, and transfected with lipid–DNA solution made by
combining 1.5 ml of Opti-MEM containing 15 mg of DNA plus
1.5 ml of Opti-MEM containing 30 ml of a 2 mgyml lipid
solution. Cells were incubated for 4 h, the lipid solution was
removed, fresh medium was added, and cells were lysed and
assayed after 48 h. Due to differences in transfection efficien-
cies observed with these cells, 4 mg of RSV-b-galactosidase was
cotransfected in all samples, and extracts were normalized
prior to analysis of CAT activity based on b-galactosidase
activity (26).

UM-316 cells were plated to 20% confluency in 6-well plates
1 day prior to transfection. Cells were transfected with 5 mg of
CMV-p300 or CMV empty control vector and 0.5 mg of
CMV-CD4 using Lipofectamine (GIBCO/BRL), according to
manufacturer’s instructions.

Cell Cycle Analysis. 293 cells were transfected with 2.5 mg
of CMV-CD2 plus 7.5 mg of CMV-Vpr vectors. After 48 h, cells
were incubated for 30 min with an antibody to the CD2 cell
surface marker (ATCC HB 222 hybridoma supernatant),
washed three times with PBS 1 2% fetal calf serum, incubated
for 30 min with an anti-mouse fluorescein isothiocyanate-
conjugated antibody, and washed an additional three times.
Cells were resuspended in 875 ml of ice-cold PBS and fixed for
1 h on ice by adding 125 ml of cold PBS containing 2%
paraformaldehyde. Cells were washed one time with PBS 1
2% fetal calf serum, permeabilized for 15 min at 37°C with 1
ml 2% Tween 20 in PBS, and washed an additional time.
Propidium iodide staining was performed by incubating cells
for 1 h at 37°C in 960 ml of PBS, 2 units of RNase, and 40 ml
of propidium iodide (Boehringer Mannheim). DNA content of
CD2 positive cells was measured by fluorescence-activated cell
sorting.

Electrophoretic Mobility Shift Assays. EMSAs were per-
formed with 1.5 mg of nuclear extract from 293 cells and a
double-stranded, end-labeled oligomer containing one NF-kB
binding site as described previously (25). Complexes were
analyzed on 5% polyacrylamide gels in 0.253 TBE buffer.

Protein Binding Assays and Western Blots. For binding to
in vitro translated proteins, immunoprecipitations were per-
formed with anti-cyclin B antibody (SC-245AC, Santa Cruz) or
a control mouse IgG1 (M-9269, Sigma) on 50 mg of nuclear
extract for 2 h. Immunoprecipitated proteins were washed
three times with immunoprecipitation buffer (19), incubated
with in vitro translated carboxyl-terminal p300 (T7 TNT rabbit
reticulocyte transcriptionytranslation system, Promega), and
washed three additional times with immunoprecipitation
buffer. Complexes were analyzed by 8% SDSyPAGE.

For detection of associated p300, Rel A, cyclin B1, and Cdc2
by Western blot, immunoprecipitations were performed on
420 mg of nuclear extract, subjected to 8% SDSyPAGE and
then to Western analysis with antibodies to p300 (SC-584 and
SC-585, Santa Cruz), Rel A (SC-109 and SC-372, Santa Cruz),
cyclin B1 (SC-245, Santa Cruz), and Cdc2 (SC-54, Santa Cruz).
Antibodies were used at a concentration of 0.5 mgyml, and the
appropriate secondary anti-rabbit antibody or anti-mouse
antibody linked to horseradish peroxidase was used at dilutions
of 1:8000 and 1:3000, respectively. Proteins were visualized
using the enhanced chemiluminescence system (Amersham).

HIV Infections and Reverse Transcriptase Assays. Trans-
fected CD4 positive 293 cells or UM-316 cells in 6-well tissue
culture plates were infected with HIVbru Vpr1 or HIVbru Vpr2

by incubating cells with virus for 4 h at 37°C at a multiplicity
of infection of 0.05–0.1. Following incubation with virus, cells
were washed twice with D-PBS, and fresh DMEM was added
to a final volume of 4 ml.

Culture supernatants were assayed for reverse transcriptase
(RT) activity as described previously (27). Poly(A)yoligo(dt)
was used as template primer, and incorporation of [32P]dTTP
was measured after spotting 3 ml of the RT reaction mixture
onto DE81 paper, drying, and washing four times in 2 3 SSC
solution at 22°C. Radioactivity was analyzed on a Betagene
(Waltham, MA) betascope, and activity was expressed as
cpmyml of culture supernatants. Triplicate RT assays were
performed, and values are expressed as the mean 6 standard
deviation.

RESULTS

To examine the mechanism of HIV transcriptional activation
by Vpr, we first determined whether the ability of Vpr to cause
growth arrest correlated with its activation of HIV transcrip-
tion. Jurkat T leukemia cells were transfected with a vector
encoding the chloramphenicol acetyltransferase gene con-
trolled by the HIV enhancer (HIV-CAT) and expression
vectors encoding either wild-type or mutant forms of Vpr. The
R80A mutant, which fails to arrest cells but retains the ability
to translocate to the nucleus (23), and two additional mutants,
R73S and S79IyR80D, which are similar to previously char-
acterized cell cycle mutants (23), were tested in these exper-
iments. The E25K mutation, which impairs nuclear localiza-
tion and virion incorporation of Vpr but allows effective viral
replication (20), was also examined. In 293 cells, E25K inhib-
ited cell cycle progression after 48 h, whereas R80A, R73S, and
S79IyR80D were impaired in their ability to arrest cells (Fig.
1A). 293 cells were used to document growth arrest because of
the high transfection efficiencies achieved, and it was more
difficult to assess these effects in Jurkat cells, which are poorly
transfected; however, previous studies showed similar cell
cycle arrest phenotypes by Vpr and several mutants in Jurkat
cells (3, 28). Infection of Jurkat cells with HIV containing the
R80A or E25K mutation was also used to confirm that Vpr
R80A does not cause cell cycle arrest and that Vpr E25K does
arrest cells (R.A.S. and E.A.C., unpublished data), similar to
the findings in 293 cells shown here.

To analyze transcriptional enhancement, Jurkat cells were
cotransfected with each Vpr expression vector and Rel A to
ensure constant NF-kB expression and HIV transcriptional
activation (Fig. 1 A). Both wild-type Vpr and the E25K mutant
stimulated HIV-CAT activity (Fig. 1A; p 5 0.001 for Vpr and
p 5 0.044 for E25K compared with the untranslated negative
control, Vpr (DATG), by paired t test), suggesting that nuclear
localization and virion incorporation of Vpr were not required
for activation of HIV transcription by Vpr; however, R80A,
R73S, and S79IyR80D were impaired in their ability to trans-
activate, suggesting a correlation between the transactivation
and the cell cycle arrest functions of Vpr. The expression of
Vpr was confirmed by Western blot analysis (data not shown).
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To examine further whether cell cycle arrest by Vpr corre-
lated with transactivation of the HIV enhancer, we analyzed
the effect of Vpr on HIV-CAT activity in NIH 3T3 cells, which
are not growth arrested by Vpr (3). NIH 3T3 cells were
transfected with HIV-CAT and CMV-Vpr in the presence or
absence of Rel A. In contrast to the effects of Vpr in Jurkat
cells, no activation of the HIV-LTR in NIH 3T3 cells was
observed in the presence of Vpr (Fig. 1B). Furthermore, when
Rel A was cotransfected to provide constant amounts of
nuclear NF-kB activity, no transactivation by Vpr was ob-
served in these cells. Thus, the inability of Vpr to arrest NIH
3T3 cells in G2yM correlated with a lack of HIV transcriptional
activation, further suggesting that the G2yM growth arrest
activity of Vpr is required for its transactivation function.

To analyze the specific cis-acting elements of the HIV
promoter involved in Vpr transactivation, we next examined
whether Vpr could affect basal and TNF-induced HIV tran-
scription. Jurkat cells were transfected with HIV-CAT and
increasing amounts of a Vpr expression vector. Cells were then
either left unstimulated or stimulated with TNF-a. Vpr in-
duced a dose-responsive increase in CAT activity in the
presence or absence of TNF-a (Fig. 2A). To determine the
effect of Vpr on specific enhancer regions, Jurkat cells were
cotransfected with Vpr and HIV-CAT containing different
mutant cis-acting regulatory elements. Though decreased in
the absence of the kB sites, the mutant kB enhancer remained
Vpr responsive (Fig. 2B), suggesting that NF-kB contributes to
transactivation by Vpr but is not completely responsible for
this effect. In contrast, no induction was observed using a
DkByDTATA mutant reporter, suggesting that the basal tran-
scriptional machinery is also required for transactivation by
Vpr. Because the DkByDTATA mutant reporter is responsive
to other viral transactivators (29), it was evident that both the
kB sites and the TATA box were necessary for responsiveness
to Vpr. The effect of Vpr on NF-kB induction was analyzed
biochemically. Nuclear extracts from 293 cells transfected with
control plasmids or those expressing either Vpr or Tax were
analyzed using EMSA. Expression of Vpr caused no significant
change in kB DNA binding activity, in contrast to the known

activator, HTLV-1 Tax (21, 30, 31), which increased NF-kB
complexes (Fig. 3A). Western blot analysis confirmed that Vpr
did not significantly change in the levels of nuclear Rel A
(1.3-fold over the control) (Fig. 3B), and no direct interaction
with Rel A was found by immunoprecipitation (data not
shown).

The finding that Vpr transactivation occurred through both
the kB sites and the TATA box suggested that Vpr may
regulate the function of a transcriptional co-activator, such as
p300, which binds to both NF-kB and to the TFIIB and TBP
components of the basal transcriptional machinery (19). To
investigate the role of p300 in activation of the HIV enhancer
by Vpr, the adenovirus E1A gene product was used to inhibit
p300-dependent gene activation. The 12S form of adenovirus
E1A protein binds to and inactivates p300 (32–36), inhibiting
basal and TNF-a-induced NF-kB (37). Wild-type 12S E1A and
the 12S E1A p300 binding mutant were cotransfected with
HIV-CAT and Vpr in Jurkat T cells. Wild-type 12S E1A
repressed activation by Vpr; however, a 12S E1A mutant that
fails to bind p300 was unable to exert this repressive effect (Fig.
4A), suggesting that p300 is required for activation of HIV
transcription by Vpr. To determine whether p300 is necessary
for the activation of the basal transcriptional machinery by
Vpr, (DkB)HIV-CAT, Vpr, and wild-type 12S E1A or the 12S
E1A p300 binding mutant were cotransfected. As previously

FIG. 1. Vpr activation of HIV transcription with Rel A correlates
with its ability to regulate cell cycle progression. (A) Vpr mutants
defective in G2yM growth arrest are impaired in their ability to activate
HIV transcription. For analysis of cell cycle distribution, 293 cells were
cotransfected with pCMV-CD2, an expression vector encoding the
CD2 antigen, wild-type CMV-Vpr, and the indicated Vpr mutant
forms. CD2 positive cells were analyzed by fluorescence-activated cell
sorting. The ratios of G2yM to G1 cell populations are designated. For
analysis of Vpr transactivation, Jurkat cells were transfected with 5 mg
of HIV-CAT, 0.2 mg of RSV Rel A, and 1 mg of CMV-Vpr (WT),
CMV-Vpr (R80A), CMV-Vpr (R73S), CMV-Vpr (S79IyR80D), or
CMV-Vpr (E25K). Control plasmids were used, such that each
transfection received 0.2 mg of RSV and 1 mg of CMV plasmids. Values
are represented as -fold activation over basal HIV-CAT activity, and
error bars represent SEM. (B) Vpr cannot activate the HIV enhancer
in NIH 3T3 cells, which cannot be arrested by Vpr. NIH 3T3 cells were
cotransfected with 5 mg of HIV-CAT, 0.5 mg of RSV-Rel A, and 1 mg
of CMV-Vpr where indicated. Control plasmids were used such that
each sample received 0.2 mg of RSV and 1 mg of CMV plasmids.

FIG. 2. Definition of cis-acting sites that mediate Vpr stimulation
of HIV transcription. (A) Vpr stimulates HIV enhancer activity.
Jurkat cells were cotransfected with 5 mg of HIV-CAT and indicated
amounts of CMV-Vpr. A control vector, Vpr (DATG), was used such
that each sample received an equivalent amount of CMV expression
plasmid. Forty-two hours post-transfection, cells were stimulated for
6 h with TNF-a (1TNF-a) or left nonstimulated. (B) The kB and
TATA sequences are required for Vpr transactivation. Jurkat cells
were cotransfected with 5 mg of HIV-CAT, (DkB) HIV-CAT, or
(DkByDTATA) HIV-CAT, and 1 mg of CMV-Vpr where indicated.
Control plasmids were used, such that each sample received 1 mg of
CMV vectors. Values are represented as -fold activation by Vpr over
the basal level of each reporter in the absence of Vpr.

FIG. 3. Vpr does not affect DNA binding or nuclear translocation
of NF-kB. (A) Vpr does not induce NF-kB DNA binding. Nuclear
extracts from 293 cells transfected with 7.5 mg of a negative control,
ATG-deleted CMV-Vpr (control) (lanes 1–3), CMV-Vpr (lanes 4–6),
LTR-Tax (lanes 7–9), or stimulated with TNF-a were analyzed by
EMSA, using a 32P end-labeled, double-stranded kB oligonucleotide
probe. Unlabeled mutant and wild-type kB competitor DNAs (100 ng)
were included as indicated. (B) Vpr does not induce Rel A nuclear
translocation. Nuclear extracts from 293 cells transfected with 7.5 mg
of a negative control CMV-ATG mutant Vpr (control) (lane 1) or
CMV-Vpr (lane 2) were analyzed for nuclear localization of Rel A by
Western blot. Densitometric analysis revealed that RelA was 1.3-fold
higher in Vpr transfected cells.
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observed, activation of (DkB)HIV-CAT by Vpr was lower than
that observed with HIV-CAT; however, the effects by E1A on
(DkB)HIV-CAT were similar to those observed with HIV-
CAT. Wild type but not the 12S E1A p300 binding mutant
inhibited Vpr-mediated (DkB)HIV-CAT activation (Fig. 4B),
suggesting that p300 is necessary for activation of HIV tran-
scription through the basal transcriptional components.

To investigate a role for p300 in transactivation by Vpr
further, Jurkat cells were cotransfected with Vpr, Rel A (to
provide constant nuclear NF-kB), and increasing amounts of
a p300 expression vector. p300 exerted dose-responsive stim-
ulation in combination with Vpr, Rel A, and Vpr plus Rel A,
and the VpryRel Ayp300 combination was greater than addi-
tive (100-fold) over the effect of p300 plus Vpr (36-fold) or
p300 plus RelA (16-fold) (Fig. 4C). These data suggested that
Vpr, Rel A, and p300 act in concert to activate HIV tran-
scription.

The mechanism of p300 regulation by Vpr was next exam-
ined. The p300 co-activator has been shown to stimulate HIV
transcription in the presence of the p21 cyclin-dependent
kinase inhibitor. Rel A binds to the NH2 terminus of p300,
whereas cyclin EyCdk2 complexes bind to the COOH terminus
of p300. Vpr has been shown to cause growth arrest through
its ability to inhibit Cdc2 kinase activity. Cyclin B1 had also
been detected at low levels in Rel A immunoprecipitations
(19), raising the possibility that cyclin B1zCdc2 might also
interact with p300. We therefore examined whether p300 could
interact with cyclin B1zCdc2 complexes.

Immunoprecipitations were performed with control anti-
bodies or antibodies to cyclin B1 on nuclear extracts from
Jurkat cells, and in vitro translated COOH-terminal p300 were
bound to cyclin B1zCdc2 but not to control immunoprecipita-
tions (Fig. 5A). This interaction was confirmed in vivo in
TNF-stimulated Jurkat nuclear extracts by immunoprecipita-
tion of cyclin B1 and Western blot analysis for p300 (Fig. 5B).
Although p300 was not detected with a control antibody, it was
readily detected in the cyclin B1 immunoprecipitates. Western
blot analysis for Rel A of the same immunoprecipitated
complexes revealed that Rel A was also present in cyclin
B1zCdc2zp300 complexes and not in control immunoprecipi-
tations (Fig. 5B). The presence of both cyclin B1 and Cdc2 in
these complexes was confirmed by a similar cyclin B1 immu-
noprecipitation, followed by Western blot analysis using cyclin

B1 and Cdc2 antibodies (Fig. 5C). Thus, it seemed that cyclin
B1zCdc2zp300zRel A complexes exist in vivo. Vpr also did not
seem to affect the overall level of binding of cyclin B1zCdc2 to
p300 (Fig. 5D).

Because Vpr is thought to exert its effect on growth arrest
by inhibition of Cdc2 kinase activity and cyclin B1zCdc2 was
found in association with p300, we next determined whether a
kinase-deficient mutant of Cdc2, Cdc2(DK), could affect HIV
transcriptional activation by p300. Jurkat cells were cotrans-
fected with HIV-CAT, an expression plasmid encoding
Cdc2(DK) shown previously to arrest cells at the G2yM phase
of the cell cycle (38), and wild-type 12S E1A or the 12S E1A
p300 binding mutant. Overexpression of Cdc2(DK) stimulated
HIV-CAT activity, suggesting that direct inhibition of Cdc2
has the same effect on HIV transcription as does indirect Cdc2
inhibition by Vpr. Cotransfection of optimal amounts of Vpr
and Cdc2(DK) provided no synergistic activation, and this
effect was reduced in the absence of the kB sites, as seen with
Vpr (data not shown), suggesting saturation of an activation
pathway common to Vpr and Cdc2. In addition, activation of

FIG. 4. p300 stimulates HIV transcription. (A) Wild-type 12S E1A
but not a 12S E1A p300 binding mutant inhibits activation of the HIV
enhancer by Vpr. Jurkat cells were cotransfected with 2 mg of
HIV-CAT, 0.5 mg of CMV-Vpr, and 2 mg of wild-type 12S E1A or a
12S E1A p300 binding mutant, as indicated. Relevant control plasmids
were used where necessary. Values are represented as -fold activation
over the basal level of HIV-CAT. (B) Wild-type 12S E1A but not 12S
E1A p300 binding mutant inhibits (DkB)HIV-CAT activity. Jurkat
cells were cotransfected with 2 mg of (DkB)HIV-CAT, 0.5 mg of
CMV-Vpr, and either 2 mg of wild-type 12S E1A or a 12S E1A p300
binding mutant, as indicated. Control plasmids were included where
necessary. Values are represented as -fold activation over the basal
level of HIV-CAT activity. (C) p300 and Vpr function together to
activate the HIV enhancer. Jurkat cells were cotransfected with 5 mg
of HIV-CAT, 0.2 mg of RSV-RelA where indicated, 1 mg of CMV-Vpr
where indicated, and increasing amounts of CMV-p300. Appropriate
control vectors were transfected where necessary. Values represent the
percent of chloramphenicol conversion in the CAT assay.

FIG. 5. Cyclin B1zCdc2, p300, and Rel A are associated in the same
complex, which is not affected by Vpr overexpression, and effect of
kinase-deficient Cdc2 on p300-dependent HIV transcription. (A)
Cyclin B1zCdc2 complexes bind p300 in vitro. Immunoprecipitations
from Jurkat nuclear extracts using control antibodies (lane 2) or cyclin
B1 antibodies (lane 3) were incubated with in vitro translated carboxyl-
terminal p300, washed, and analyzed by SDSyPAGE. Lanes 1 and 4
show 10% of the input in vitro translated p300. (B) Cyclin B1zCdc2
complexes bind p300 in vivo. Immunoprecipitations were performed
on nuclear extracts from Jurkat cells that had been treated with TNF-a
for 1 h with a control antibody (lane 5) or anti-cyclin B1 (lane 6).
Complexes were washed and subjected to Western analysis using
anti-p300 (Upper) or anti-Rel A (Lower) antibodies. Lane 4 contains
10 mg of Jurkat nuclear extract. (C) Both cyclin B1 and Cdc2 are found
in cyclin B1 immunoprecipitations from nuclear extracts. Immuno-
precipitations with a control antibody (lane 8) or an antibody to cyclin
B1 (lane 9) were performed on Jurkat nuclear extracts and subjected
to Western blot analysis using antibodies to cyclin B1 (Upper) or Cdc2
(Lower). Lane 7 contains 10 mg of Jurkat nuclear extract. (D)
Expression of Vpr does not affect cyclin B1-p300 binding. 293 cells
were transfected with a negative control, ATG deleted CMV-Vpr
(control) (lanes 10–12) or CMV-Vpr (lanes 13–15) and immunopre-
cipitations were performed with control (C) antibodies (lanes 10 and
13), p300 antibodies (lanes 11 and 14), and cyclin B1 antibodies (lanes
12 and 15). Immunoprecipitated complexes were subjected to Western
blot analysis for p300. (E) Expression of a kinase-deficient Cdc2
activates HIV transcription through p300 Jurkat cells cotransfected
with 5 mg of HIV-CAT, 1 mg of CMV-Cdc 2 (DK) where indicated, and
either 2 mg wild-type 12S E1A or a 12S E1A p300 binding mutant, as
shown. Values are represented as the percent of acetylated chloram-
phenicol in the CAT assay.
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HIV transcription by Cdc2(DK) was inhibited by wild-type 12S
E1A but not the p300 binding mutant (Fig. 5E), suggesting that
transactivation of the HIV-LTR through inhibition of Cdc2
occurs through p300. Thus, the inhibition of p300-associated
Cdc2 activity enhances transcriptional activation by Rel A and
p300, and it is likely that Vpr functions through this mecha-
nism.

The inhibition of Vpr-mediated HIV enhancer activity by
sequestration of p300 by E1A and the involvement of Vpr in
HIV replication suggested that p300 may also be involved in
HIV replication. To determine whether p300 could regulate
HIV replication, CD4–293 cells, a highly transfectable cell line
that is highly permissive for HIV, were transfected with
CMV-p300 or a control CMV plasmid. These cells were then
infected with HIVbru Vpr1, and viral replication was measured
at days 0, 2, and 4 by quantification of reverse transcriptase
(RT) activity. In the presence of CMV-p300, a gradual increase
in p300 compared with control-transfected cells was observed,
with a 6- to 7-fold increase 4 days after infection (Fig. 6A, p 5
.041, paired t test), a significant difference given the high
replication of virus in these cells (39). Although CD4–293 cells
contain E1A, which inhibits p300 function, the levels of
overexpressed p300 were able to overcome to the levels of
endogenous E1A, as examined by silver staining and Western
blot analysis (data not shown). To confirm this effect in the
absence of E1A, a highly transfectable E1A-negative mela-
noma cell line, UM-316, was used. UM-316 cells were cotrans-
fected with CD4 and p300 or control expression vectors and
subsequently infected by HIVbru Vpr1 or HIVbru Vpr2. Re-
verse transcriptase activity was quantitated 4 days after infec-
tion and demonstrated that HIVbru Vpr1 replication was
4.3-fold higher in the presence of p300, whereas HIVbru Vpr2

replication was nearly unchanged in the presence of p300 (Fig.
6B). These results demonstrate that Vpr and p300 cooperate
to increase HIV replication during acute infection in prolif-
erating cells.

DISCUSSION

In this study, we show that activation of HIV transcription by
Vpr correlates with its ability to arrest cells in G2yM and is
mediated by modulation of transcriptional co-activator func-
tion, which is responsive to Cdks. Previous studies had shown
that HIV RNA levels increase during the G2yM phase of the
cell cycle (40), supporting the notion that Vpr links viral

transcription to cell proliferation. Thus, a major role for Vpr
in T cells may be to coordinate changes in cell cycle progression
with increased viral gene expression through p300yCBP.

We find that Vpr exerts its effects on the HIV enhancer
through p300, as inhibition of p300 function by 12S E1A, but
not a 12S E1A mutant unable to bind p300, eliminates the
ability of Vpr to activate NF-kB. In addition, overexpression of
p300 enhances the ability of Vpr to activate NF-kB and the
HIV enhancer. Vpr, which inhibits the cyclin B1zCdc2 activity
(3–5, 28), is not directly associated with p300 but instead
regulates cyclin B1zCdc2 activity, which we show interacts with
the COOH terminus of this co-activator. Consistent with these
observations, a kinase-deficient Cdc2 stimulates a similar
increase in HIV transcriptional activation and is inhibited by
wild-type 12S E1A but not the 12S E1A p300 binding mutant,
providing a link between Cdc2 and NF-kB by p300 in the
regulation of HIV transcription. The mechanism by which Vpr
inhibits Cdc2 activity is not completely understood; however,
the Cdc25 protein that activates Cdc2 is inactive in Vpr-
expressing cells (5), suggesting that proteins which normally
control Cdc2 are modulated by Vpr, which in turn affects HIV
transcription. Our experiments with the Vpr E25K mutant,
which is impaired for nuclear localization but retains the ability
to arrest cells, suggest that Vpr regulates Cdc2-regulatory
proteins that reside in the cytoplasm of the cell and further
support an indirect role for Vpr in Cdk modulation, which
interacts with p300 in the nucleus to affect NF-kB transcrip-
tion.

In adherent macrophages, which do not proliferate, the
primary role for Vpr seems to be in the localization of the
pre-integration complex to the nucleus (10, 11). The ability of
Vpr to affect HIV transcription in macrophages has not been
tested; however, our results suggest that Vpr may not further
induce HIV enhancer function in macrophages, as its ability to
arrest the cell cycle would be unnecessary in non-proliferating
cells, and NF-kB is already maximally induced in these cells
(41). In these cells, it is therefore likely that NF-kB is already
regulated by cellular factors that control the cell cycle and are
present in resting cells by mechanisms independent of Vpr.
However, if macrophages were proliferating, it is likely that
Vpr could affect HIV transcription through cell cycle arrest. It
has also recently been reported that Vpr represses some
NF-kB-regulated cytokine promoters (42). The generalization
of those findings, performed in rhabdomyosarcoma cells, is
unknown and likely to differ from those reported here. Spe-
cifically, those effects involved different target genes in a cell
line not normally infected by HIV.

The control of NF-kB activity by E1A has been well studied,
and E1A stimulates cell cycle progression by binding to and
inactivating cellular proteins, such as pRb, p107, and p300.
Conversely, Vpr seems to inhibit cell cycle progression and to
increase the activity of proteins (p300yCBP) that are inhibited
by E1A. Unlike E1A, Vpr does not seem to bind to p300 but
activates the protein through an indirect mechanism. Interest-
ingly, p300 seems to be a molecule that is a point of conversion
for these viral proteins as well as for cellular signal transduc-
tion pathways (43). In addition, p300 regulates a variety of
transcription factors unrelated to NF-kB, including CREB
(44), YY1 (45), Myb (46, 47), Jun (48), Fos (49), Sap1a (50),
Stat2 (51), myogenic transcription factors (52, 53), nuclear
receptors (54), and p53 (55, 56), presumably through its ability
to regulate chromatin structure by histone acetylation (57, 58).
It also remains likely that p300 may interact with other
HIV-encoded proteins that act at different stages of the virus
life cycle. For example, Tat is also involved in HIV transcrip-
tion and interacts with basic components of the transcription
complex. p300, through its ability to respond to changes in cell
proliferation and cellular activation, thus may play an impor-
tant role in HIV replication by coordinating changes in cell

FIG. 6. p300 activates HIVbru Vpr1 replication. (A) Time course
for p300 activation of HIV replication stimulated by p300. 293 cells
expressing the CD4 molecule were transfected with 6 mg of CMV-p300
or a control CMV plasmid with no insert. Cells were challenged with
HIV 24 h later, and replication was measured by RT assays at 0, 2, and
4 days after infection. RT activity is expressed as mean values 6
standard deviations of triplicate assays. (B) p300 differentially regu-
lates HIVbru Vpr2 and HIVbru Vpr1 replication. UM-316 cells were
transfected with 0.5 mg of CMV-CD4 and either 5 mg of a control CMV
vector or CMV-p300, as indicated. Cells were infected with HIVbru
Vpr2 or HIVbru Vpr1 24 h later, and viral replication was measured
on day 4 by RT assays. RT activity is expressed as mean values 6
standard deviations of triplicate assays.
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cycle progression with the transcription of specific viral and
cellular genes.
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